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Abstract

‘1’hc shape of the velocity distribution of water-group ions observed by the Giotto ion

mass spcctromctcr on its approach to comet Hal Icy is modeled to derive empirical values

for the rates of ioniy,ation,  energy diffusion, and loss in the mid-comctoshcath.  The

model includes the effect of rapid pitch-angle scattering into a bispherical  shell

distribution as W C]] as the effect of the magnetization of the plasma on the chargc-

cxchange loss rate. It is found that the average rate of ionization of cometary neutrals in

t}lis region of the cornctoshcath  appears to be roughly a factor of 3 faster than the

standard rates of -1 x10-6 s-1 that arc usual] y used in theoretical comet models to give

results consistent with observations in most regions of the comet environment. I/or the

region of the coma studied (1.2-1.8x105 km from the nuc]cus), the energy diffusion

coefficient was 110 = 0.005 kn]%-~,  which is lower than values USCCI in models of other

regions of the coma. l’hc empirically obtained loss rate appears to bc an order of

magnitude or more greater than can bc cxplaillcd  by charge cxchangc wit}] the standard

cross-sections of -2x1 0-15 cn#. If the entire lC)SS rate is (iuc to charge exchange then the

implied rate of creation of fast neutral atoms is of the order -10-4 s-]. 7%c fast atoms

may, in turn, bc partly responsible for the higher-than-cxpcctcd  ionization rate.



1. INrII<[)I)lJ(:IlON

When a comet appmachcs  tlm Sun, Ik volatile comclary  material is heated and

sublimes from the surface of the nucleus. ‘llc gas is predominantly of the wa[cr group

(-80% [Krambvsky et al., 1986]) which sublimes csscn(ial]y at the surface, although of

the minor constituents, C() and formaldchycic  possibly originate from an cxtcndcd  source

[Hx/rhardf  et al., 1987; Mcier  eI al., 1993]. The neutral gas undergoes chemical and

photochcmical  proccsscs  in the collision-dominated inner coma, and expands with its

thcrma] velocity, Ve - 1 knds, to distances of up to -10~ -107 km from the nucleus. It is

ionized both by solar photons and as a result of charge cxehange with solar-wind and

pickcci-up  cometary ions.

In the upstream regions the newly-bon] cometary ions arc initially injected into

the flowing plasma at the local solar wind speed, Ivirljl  = ZJ.$}V  in the solar wind frame,

where Ve c< UL$}V  is neglected, Their direction is antiparal]cl to u~W, so (hat their initial

pitch al]glc is given by cm O =- -cm a wi~crc cx is the angle between Usw anti the

interplanetary magnetic field, 11. The component of Vinj perpendicular to B is rapidly

converted to a gyration about the ficl(i lines duc to the 1.orcntz  force, and the implanted

ions initially form a ring-beam in velocity space, travclling upstream along B with speed

VII = –u,w cos cz in the solar wind frame. ‘1’his ciistribution  is unstab]c  to the generation of

Al fv6nic turbulence [ Wu and Zkzvidsw,  1972; Galeev, 1986; Sag&ev  <t al., 1986] with

which the pickup ions interact to bccomc scattercci  from a ring-beam toward a shell-]ike

(distribution in velocity space. The likely asymptotic pitch angle distribution is the

bisphcrical  s h e l l  [Galecv  an~l Sagdecv, 1988; ~Iuddleston  and  Johmtorle,  1992],

comprising the low-energy portions of characteristic surfaces centered on the parallel -

propagating Alfv6n  wave velocities i VA and intcrscctitlg  at villj.  Dcvclopmcnt  of a

bisphcrical shell distribution is supported by c)bscrvations  of pickup ions near the bow

shock [Coatcs et al:, 1 990] ami in the Illi(icc)lllctosllcatll  [1/uddlesto/2  e~ al., 1 993] at



comcl ]Iallcy, by good agrccmcnt of ([1c prcdictcd  wave spectrum with that observed

[llu(ldlcstoll otd Johmtotlc, 1992.], and by nurncricxtl calculations of ion pitch :inglc

scat(cring  [Miller c1 a/., 1991; l114dJlcsfot1  (’f al., 1 992].

C]osc to the nucleus, in the comctoslmath  regions where the implanted heavy

cometary ions begin to dominate the mass flux, the ccntcx-of-mass  plasma frame shif[s to

approximately the bulk speed, Uwg, of the water group ions and the magnetic field is then

“frozicn in” with uWg rather than wi[h Usw. “J’hus particles which bccomc newly ionized

within this region are picked up in the Uwg frame with initial speed  lUWgl.  AS the plasma

flow slows and magnetic field pileup begins, the Alfv6n speed bccomcs an appreciable

fraction of the flow speed and the geo~netry

significantly different from a spherical shell, as

et al. [ 1993]).

of the bisphcrical  shell in this case is

i 1 lust rated in Figure 1 (from }Iuddleston

In the midcomctosheath  region near the magnetic pileup boundary of cornet

IIallcy,  the observed cometary ion densities increase to unexpectedly high levels

[Ncugebauer  et al., 1991; Altwegg et al., 1993] and cannot at present bc accounted for by

even the most sophisticated models [e.g., Schmidt et al., 1988]. Among the suggested

explanations are the possibility of a temporarily increasing gas emission rate, emission

from dust grains, increased c]cctron impact ionization rate caused by adiabatical  1 y heated

trapped electrons (postulated for the “mystery region” by l,arson  and Z.in [1992]), and

electron knock-out collisions by high-nlomcntum }]cavy ncutmls.

in the present paper wc examine and model the water-group ion velocity

distributions observed by the high energy range spectrometer (HIiRS) of the Ciiotto ion

mass spectrometer (lMS),  and investigate the losses of ions at energies above the

injection peak. One possible explanation is that a few of the accelerated pickup ions

undergo recombination or charge exchange with the cometary neutral population and arc

thereby a source of fast neutral particles which may pal~icipatc  in further interactions in

the inner cometary regions. lJnlikc the charged solar wind and pickup particles, the fast
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neutrals may ctltcr the magtlctic  field-free cavity and their subscqucllt  rcioniy,ation  may

contribute to the uncxpcctcd flux of fast heavy ions obsfawcd in [lIC cavity [/jvialar cl al.,

1 989]. Possible effects of fast ncutra]s also include creation of the observed flux of

negative ions, and the creation of additional positive ions which may help explain the

discrepancy bctwccn observed and cxpcctcd ion dcnsjty.

The first step before modclling  the IMS ion distributions is to derive an

expression for the ionization of cometary gas for usc in the transport ccluation.  A simple,

sphcri call y symmetric outgassing mocicl  is taken for the density of cometary ncut rals at a

distance r from the nucleus:

~ ,, (? Cxp()v; r-. . .
c 47c Ve r2 v, (1)

where Q is the gas production rate, vi is the ionization rate, and Ve is the gas expansion

velocity = 1 km/s for the heavy particles. ‘1’hc implanted cometary ion density ~li can be

estimated by integrating the ion production rate upstream (Sunward)  along the ion

flowlinc  from the local observation position (x~, yo, 20), to give

1
Jn i = - – Zvc vi (/,$ =- .1 .

“’_ Q vi

J
[ )

v. r
;- Cxp ----’-- ds

u Wg 14 47r V,r~’? XO v,
(2)

where uW,g is the implanted ion bulk flow speed in the comctoshcath  region of interest.

lii.gurc  2 shows the IMS 1 IERS water group ion densities, together with the profile

calculated from equation (2) for Qllo := 5.5 x 102g /s as found from the Giotto  neutral

mass spcctromctcr  [Krankowsky  et al., 1986] and vi -3 x 10-6  /s for the best fit.
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Although the detailed shape of the profile is not as obscrvc(l,  the moctcllcct  ion density is

of the righ( order. I’bc Vi obtaiucd  is greater than the values -1 X J 0-6 /s gcncra]ly  used

(for pho[oioni7,ation  plus charge-cxchangc)  in standard models and suggests an enhanced

ioai7,ation rate in this region of the 1 lallcy environment. While it is conceivable that a

temporal  increase in Q coLI]d in error bc compensated for in the mode] by a higher vi in

order to fit the clcnsity observations (see also the discussion in }loc/gc.Y [ 1990]), the same

Q,,,. = 5.5x 102’ /s [Kranbvsky  et al., 1986] fits the neutral density profile (as will be

discussed in the summary section). Since Q and vi occur ctiffcrcnt]y in the expressions

for iVC and ~li, then c}~anging  Q and \~i in the model would  not bc likely to give a good fit

to both profiles simultaneously. Another possible uncertainty is that for an expanding gas

with a distribution of velocities (averaging at .-1 knl/s)  the slower neutrals take longer to

reach a given distance and so if they arc depleted first, a higher (\~i/Vc) would be

misinterpreted as higher vi by a constant V< model. }Jc)r the low 1-120 temperatures,

however, such an effect is expected to be small,

The effect of fast ncutra]s 011 the ionization rates is an interesting consideration

since there is indirect cvidcncc  for fast neutrals in observation of fast rcionimd  neutral

great-granddaughters within the magnetic cavity, and there is also apparently a significant

energetic ion loss occurring from the observed ion distributions. 1 tour example plots in

}iigurc 3 each show sequential pairs of distributions along the inbound Giotto trajectory.

3%c distributions arc in 6.25 knl/s v- shell bins. ‘1’hc distribution at the greater distance

from the nL]clcus (dashed line) of each pair has a higher phase space density than the

closer  distribution for some of the v-bins above I}rinj I. “1’his is contrary to what is

expected particularly if injected source ions arc accelerated by energy diffusion (and

perhaps adiabatic compression). The. shaded areas represent a first approximation to the

density lost between successive distributions, A better estimate can be attempted by

modclling the acceleration processes affecting the ions, which, in the absence of any loss

woLIld be expected to incrcasc the dctlsity  of ions at v > Ivinj I as the distribution convects
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tow:ild  (1)C Comet. ‘1’hc aitn of the I)rcscnt  paper is to examine the ion source and 10ss

rates, and provide empirical cstimalcs  of tt]c fast neutral production, as a step tow[ird

undcrst:inding  the obscrv;itions  in the l~~i(lcol]]ctosl~c:itl~”  1-cgion. (A full chcmic:il  model

and explanation of the cnhanccct  ion densities is beyond the scope of the present work. )

“J’hc sketch in I;igurc 4 illustrates the effects wc wish to moctc] in the cvollition  of

the cometary ion spectra: (a) The continual pickup of nc.w cometary ions at uWg (where

uW, g is dece.tcrating  along the flowline)  and rapid pitch-angle scattering to form a

bispherical injection shell with peak l’(v) at average radius significantly less than v =

Iuwgl  in the plasma frame [}luddlc,slon  c1 al., 1993]. (b) lincrgy diffusion broaclcns  the

peak. (c) (3argc  cxchangc (or othcl depiction process) removes fast ions.

‘1’hc water group ion distritnitions at clistances -1 to 2 Xl 0s km from the nuc]cus

arc taken in pairs (see examples in I:igure 3). l)istribution  1 (the greater r, lower nj

clistribution  of a given pair) is taken as the starting point for the numerical run, from

which distribution 2 is to bc modcllcd. Iiirst of all, each of the 6.25 km/s bins arc divided

up into smaller bins and the F(v) i ntcrpolat  ed bet wccn thcm, in order to provide a bc[tcr

numerical resolution for the purposes of running the model.  l’hen, since the observations

are along the Giotto path (approaching at -10’7.2° to the Sun-comet line), it is necessary

to “project” the. position of distribution 1 to a position 1‘ directly upstream from

distribution 2 at which the imp]antcd ion density (according to the model) is equivalent.

}Jigurc  5 illustrates the geometry involved. This enables the transport of implanted ions

along  the flow]im  (alongs) to bc coIisidcrcd.

The transport equation used for the velocity-space distribution J’(v) is:
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dlf- .NC y g(~))
‘iu’” ‘dLf” = -

~ 4ZV2 g(v) (Iv “’ -:, fv[’’’”%l “  “oNcl’
U  b,r)”

(3)

1 iach term describes a rate of change to F and has units phase space density pcr second.

‘1’hc term on the left hand si(ic approximates the steady-state convection of ions along the

flowlinc. I;or UW,8 a linear fit ( uW g :-0.0002 r) to the IMS vclocit  y measurements (data

presented by Altwcgg et al. [ 1993]) is ud  for r equal to distance in km along the Ciiotlo

trajectory. On the right hand side, the source term puts the ion production rate into a

Gaussian distribution of the form [e.g., l’uhl CI al., 1993]

[ ‘“- --l-  ( v  - -  <lvl>i”j)2-
g(l)) =- Cxp  - ~i-” ‘“- (4)

with Gaussian width 6. Since a velocity distribution is recluired for the source to F(D) and

a bisphcrical  shcl] has a significant v-width [}luddlestm  et al., 1993] the effect of the

rapid pitch-angle scattering to the injection v-distribution needs to bc inc]udcd in the

source term, The velocity distribution of the ideal thin bispherica]  shell varies between a

maximum radius of Iuwgl at the point of injection down to the minimun radius VU - VA on

the +Vll  axis (SCC F’igurc 1 ) where V: = U:,g.sin2 a + (uH,g cos a – V~)2 is the radius of the

-vA-centered  partial shell. The (iaussian  full width is thcrcforc  rcc]uircd to be

approximately the v-width, A, of the bisphcrical  distribution, 6 = A/2 = ~ (uW,g  – VU -k VA),

which may bc calculated using average values of u and VA in the region of interest (see

}Iuddleston  et al. [1 993]). The average velocity radius of the bisphcrical she]] is <Id>inj

in the U}vg frame, which is significantly ICSS  than hlWgl and found to bc in reasonable

agreement with the observed peak injection velocity [Jluddleslon  et al., 1993]. lior the

present model, the distribution peak values prcscntcd  in l~igurc 6 of }Iuddleston  et al.



[ 1 993] arc intcrpola(cd  [0 provide the injection slmll v for positions Imlwcca distributions

in the model run.

“1’hc second term on the right-hand side of equation (3) dcscrihcs  the ra(e of

change of F under quasilincar  velocity-space diffusion due to resonant wave-particle

interactions. l~or the diffusion coefficient, l~l)v, a v-dependence is included which

reflects the frequency (and hcncc velocity) dcpcndcncc of the pov

waves (SCC  Ismbcr.g [1987] and equation (1 O) of Gmbosi  et al. [

where y is the wave spectra’

(1
y- 1

I)v” = 1)0 - v
1)0

m spectrum of resonant

988])

(5)

index, and y = 2 is appropriate at IIallcy  [ Gla.wmcier  ct al.,

1989; )Iuddlcston  and Jo}mstone,  1992]. w = 20 kn~/s is used, and l~o is a constant

adjusted in the mode] to give an empirical level of diffusion.

Quasi-] incar theory is not strictly valid for high levels of turbulence as found near

and within the bow shock. Ncvcrthcless,  velocity diffusion is important in the

conmtosheath  region of inhwcst  (pitch-angle scattered distributions are observed) and

therefore it is included in the model. An adiabatic term is not included. It is not clear

how important it is in this region of the comctoshcath,  and this will depend on how the

flow is decelerated and deflected around the contact surface. In regions further upstream,

the adiabatic effect is probably small in comparison to the effect of wave-particle

diffusion except in the vicinity of IarSc jumps in flow speed, such as at the bow shock. In

modclling of clistributions  outside the bow shock [Iluddleslon  et al., 1992.; Ye c1 al.,

1993] it was found that adiabatic effects can safely bc ignored. However, it should bc

kept in mind that its inclusion would mquirc  an increase of the ion depletion rates

ncccssary  to fit the observations. Also it is assumed that the diffcrcncc  between

ncighbouring  flow] incs is small in comparison to the changes along them, which is an
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:l[)l)loxit]~:ltiof)  sine.c the itup[antcd  ion dcnsi(y  along ttlc flowlinc.  incwasc.  s faster for

flowlincs CIOSCI  to the Sun-cored line. ‘] ’hcrcforc ttlcrc may bc some effect (which we

have ignored) on diffusion ICVCIS bccausc  the lnorc quickly accumulated ion distributions

would have less tinlc  to interact with the wave field.

The loss term in equation (3) is writ(cn in terms of charge cxchangc of ions with

the outgassing ncuhds,  w})crc 0 is the cross-section for the process. ‘1’his is not the only

possible ion depletion mechanism, for cxamp]e,  some may bc ]ost through recombination,

some may also bc annihilated by collisions with dust, and soJnc may charge-exchange

with f~st particles neutralized previously (which may have become dccclcrated due to

ncu[ra]-neutral collisions). }Jitting o and comparing with the generally used cross-section

of 0-- 2xlo-’5cn12 [e.g., Mukoi et al., 1986; Iluddlestoti  at al., 1990; l’uhl et ul., 1993

and references therein] gives an idea of the magnitude of the effect.

In calculation  of the charge exchange rates the average velocity magnitude,

v’ =- <Iu ~g -t vI>, of the ions with respect to the ncutra]s  (ncg]ccting V@) is calculated over

the who]c shell (assuming a spherical shc]l for this approximation) to include the ion

gyration velocity. ‘1’hus the increased ion pathlcmgth  caused by the magnetization of the

plasma is taken into account by means of t}~c average velocity magnitude v’. A constant

phase space density around the shc]l is assumed (i.e., wc assume gyrotropy and isotropy).

For a given velocity shell radius (corresponding to one particular v-bin in F(v)), the

vector magnitude

Iuw,g + vl = [(vsin  0)2 + (14mg  -t vcos 0)2]1 ’2 = [v2 +- U:X +- 2uw,gvcos  0]”2 (6)

must bc averaged over the spherical surface of radius M centered on kIWgl.  This is done

by considering an elemental annulus  of radius v sin O, width v {/0 on the shc]l surface,

ancl integrating over all annuli  for O = O to n around the shell. The integration is
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which gives

I;or

normalized

(8)~’ ~ _ -.!-~u -v [(V2 i U;,g -t 2uw, v)3/2 -- (V2 -i U;x – 211wgv)3/’]
W$g

various values  of shcl] radii, v’ from equation (8) is plotted in l;ig,urc 6,

tO the bulk fiOW speed, };or low shcl] velocity, v -0, the average comet

frame velocity is simply llWg. At v Iargc compared to U}yg,  the average velocity is

approximately v and in all directions in the comet frame. 3%US v’ takes account of the

incrcascd  ion path lengths due to the gyrating orbits, and gives a significant correction to

u}~,g in the loss tcrn~  for ions at large shell velocities in the distribution.

As the first step in n~odelljng  of the observed pickup ion distributions, the

appropriate level of velocity diffusion is considered. in Figure  7 a comparison of

modclling with different diffusion coefficients is presented. All plots show the second

distribution of the pair considered (see IJigurc 3) as a solid line, and the results obtained

by starting with distribution 1 and running the model from position 1‘ to 2. ‘1’hc models in

l~igurc  7 are with source and diffusion terms only (upper panels) and also for inclusion of

the loss term to give the best possible fit for the given level  of diffusion (lower panels).

~’he slope of the resulting mode] distribution is dctcrmincd by the diffusion cocfficicnt, as

seen in the figure. We arc particularly concerned with obtaining a good fit at shell

velocities above the injection peak. It is found that the best fit diffusion coefficient is

fairly low, 2)0 -0.005, because larger rates modify the shape of the distribution to an

extent where the slope can no longer be fitted by the loss term; this thcrcforc constrains

the model.
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Ilxamplc “best fit” model rcsu]ts arc shown in 1 ‘i.gure 8 for nmdclling with source,

di ffusicm, and loss terms. In each example the data are plotted in the same format as in

IJigurc 3, and the ovcrlaycd  heavy dashed line is the modcllcd  approximation to the solid

line. Note that the accclcratcd  ion phase-space region above the peak is of interest here,

and it is not possible to fit low v < lvllljl  accurately probably bccausc collisional  effects

impo~lant  in the core of the distribution [1’~~hl et al., 1993] have been ignored. 1 lowevcr,

ion 10SSCS in the core region arc smaller since the loss term depends on v’. The best fit at

v > Ivi[ljl is provided by a loss term with o -2 to 7 X 10-’4 cn12, an order of magnitude or

more greater than the usual value of 0-2 X 10- ‘S Cn12. It is therefore apparent that in

addition to unexpectedly high total water group ion densities, there also appears to bc

considcrab]c IOSSCS  to the cncrgctic implanted ions in this region of the comctoshcath.

“1’hc ion depiction may also bc cxprcsscd  as ~li VI, in tcrn~s  of a 10SS r~tc, vI, ,

which is perhaps equivalently a fast neutral production rate, (This description is similar

to the production rate NC v of ions from the ionization of the outgassing neutrals.) If this

were rcplaccd  for the loss term in ec]uation (3) then during the numerical run from

clistribution 1 to model distribution 2 the total ion density lost is dcscribcd  by

ni v{, ( dx/uwg  ), where dx is the distance bctwccn position 1‘ and 2. This can bc estimated

dircctl  y as the number density of ions rcprcscnted  by the shaded area in 1 ?igure 3, or if the

effect of diffusion is to bc considered then the difference bctwccn  the model and

distribution 2 is rccluircd where the mode] is run without a loss term (e.g., upper left plot

in I~igure 7). Thus VI, may bc est i mated from

(9)

for each of the distribution pairs. Results for all of the IMS distributions in the region of

interest arc plotted in Figure 9 (top panel), ‘1’hc calculations arc performed for F2 as both

the observed distribution 2 (result labc]lcd DO= 0.0 in 1 iigure 9) and the model with
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diffusion coefficient 1)0 == 0.005. I’hc comparison gives some idea of the level of

uncertainly in the analysis and intcrprc[ation. ‘1’hc loss rate for water group ions is of the

order of 1 to 2 xl 0’4 /s and appears to vary, with highest values at distances around the

magnetic pileup boundary ( 1.35x 10s km), and lower at both ends of the region

considered. Coincidence of maximum rates with the magnetic pileup boundary perhaps

suggests the effect may partly  bc related to field configurations, which are not considered

in the present model,

The lost flux of particles (or flux of fast neutrals created) may be calculated from

!
0>

ni v,, A where ~lj is itself obtained from the integral in equation (2) and Vz, is
Xo

undoubtedly distance dependent, Wc can approximate this by summing the contributions

to the flux found between each successive distribution pair, assuming there is little

coJ~tribution from further upstream (whcm IMS 111 iRS water group distributions arc not

avai lablc). The rcsul ts arc presented in the lower panel  of l;igurc  9. For comparison, the

dashed line is the flux obtained fro]n ~ )Zi VI, & for a coJ~stant v,, of 1 x 10-4 /s, The

flux production appears to fall off inside c)f - 1 x 10S km. It should be rcnwJnbcrcd that

these estiJnates  assume al] the lost ions become 11 CLJtrali7Cd (which may not be the CaSC)

and also do not take iJlto account the subscc]ucnt  losses to the fast neutral particles as they

participate iJ~ further iJ~tcractioJ~s.  Also it is difficult to estimate an acctJrate b~Jlk velocity

for the particle flLJx, firstly because the loss rate probably varies with IuW,g  -t VI around the

shctl  and also, once neutralized, the particles are clccouplcd  from the nlass]oadiJlg

deceleration of the charged plasma. IIowcvcrj  t}lc flux cstiJnates  should prove uscflJl for

future iJ~vcstigations  of the effects of f~st neutrals in comctoshcath region processes and

development of Jnore detailed chclJ~ical models.



4. SLJMMARY

In the 1 hdlcy r~~idcor~~ctosl~c:~tt~  region (-0,5 to 2.5x 10s km), where ion densities

reach uncxpcctcdly high ICVCIS,  the loss rate of energetic iJnplaJ~tcd  ions appears to bc

faster than can be explained with the usual cross-sections for charge cxchaJlgc

interactions with the cxpandiJJg  cometary gas. “l’he nlodclling  of the pickup ion

distributions results iJ~ the following three cJnpirical  paraJnctcrs:

(a) An approximation to the average ion production rate iJ~ this rcgioJ]  is provided

by an ionization rate of vi - 3 x 10-6/s iJ~ the siJnplc  1 I) rnodcl used to calculate the

i Inp] antcd ion flux. This is significaJ}tly  higher thaJl  the value of vi - 10-6/s  lJSCd in

standard Jnode]s.  lJ~ order to conlparc the ion production with the depletion of conlctary

ncutra]s, the neutral mass spcctronictcr  (NMS) water vapor data [Krankowsky ct al.,

1986] arc presented in Figure 10. ‘l’he best fit to the H20 data is provided by

~=5.5X]029/s  aJld  V -2 x 10“5 /s in the siJnplc  n]odcl of equation ( 1 ). l’his Qil,o was

obtained by Krankowsky et al. [ 1986]. };or 1120 the total loss rate v includes dissociation

(to produce OH and O) as WC]] as ioJ)ization.  Also shown iJ~ l’igurc  10 is the iJnplicd total

water group neutral density profile rc.quircd (for clcplction corresponding to ioni~.ation) to

prodlJcc  the observed implanted ion flLJx, i e., with paraJnctcrs  Q = 5.5x 1029/s and

vi -3 x 10-6 /s. ‘1’his also implies }~igh total dissociatioJl  rates for lI@ in tcrJns of our

simple model,

would modify

however the different expansion velocities of 011 and O after dissociation

rate estimates. Other pc)ssib]e nlcchaJ~isn~s  for loss of H20 include

‘clumping’ of water nlolccLdcs  or their destruction by impacts with dust.

(b) The best-fit diffusion coefficient is 1)0 = 0.005 kJn2 S-3, which represents a

lower diffusion rate than iJ~ other nlodc]s.  For cxaJnplc,  the DVv coefficients used by

Gombosi @ al. [1991] just outside the} Iallcy  bow shock (his I;igurc  3) correspond to a l~o

- 0.()()7 krnz S-3 in ternls of our present IJIodc]. This coefficient is perhaps Jlot

sigJ~ificantl y higher, given the uncertainty of the present rnoclclling.  I Iowcvcr, iJ~ the



1 ]allcy comctoshcath,  the velocity diffusion modcllcct  by

considerably higher, equivalent to al~o- 0.08 at r-l to 1.5 x

the lCVC1 of broadcnirrg  seen in his Iiigurc 6(J.

(c) Iihc loss rate expressed as a chargcexchangc  with

neutrals gives a cross-section 0-2 to 7 x 10-14 cn~ in the present

15

Puhl cl al. [ 1 9 9 3 ]  i s

05 km, as apparent from

outgassing  cometary

model. I.OSSCS  in this

region of the comctoshcath  thcrcforc appear to bc over an order of rnagnitudc faster than

can bc explained with the standard 0-2 X 1015 cn~2.  Modclling in ternls of flux gives an

cstimat.c  of the ion loss rate Vf, of the. order of 10-4 /s, which would ccjuivalcntly  bc a rate

for creation of fast neutral particles if charge exchange were the only significant loss

nlcchanisrn. The flux of fast neutrals nlay contribute to the effects of: (1) increased

ionization rates duc to electron knock-out collisions with the expanding neutral gas, (2)

creation of the observed negative ions, and (3) the fast ions observed in the n~agnetic

cavity.  I;ast neutrals may subsccpwnt]y bc reioniz.ed,  pcr}~aps after  ciecelcration  by

nlultiplc  collisions.

I.imitations  of the present rnocicl include the neglect of other  possible ion

acceleration processes (e.g., adiabatic accclcration),  the neglect of ~oulon~b  collisions

which would drive the core of the distribution toward a maxwe]lian [e.g., }’uhl et al.,

1993], and treatment of the water group as a whole with constant gas expansion an(i

ionization parameters. Also wc have not included possible effects of deflected fiowlincs

and nlagnetic field draping coJ~figurations  which may bc a significant factor close to the

nlagnctic pileup bounciary. Solar wind and pickup protons may aiso bc neutralized to

contribute to the fast neutral flux, but arc unlikc]y to }~ave nluch of an effect on

cornetoshcat h proccsscs since their mon]cnt am is nluch  ICSS t ban that c)f heavy cometary

ions. Another consideration is the significant flux of kcV electrons [lxrrson and  I.in,

1992; 1). 1!. I arson, private communication 1993] observed upstream of cornctoccntric

distance r - 105 km, which can cause electron impact ionization and hence contribute to

the observed high fl LJX of inlp]aJltc.d  ions along the flowlincs. I’hc present rncxiei haS
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provided estimates for rates of ionization  and ion velocity diffusion processes in the

I Iallcy  n~idcomctoshcath,  and estimates of the Past neutral flux. l;or the future, further

development of rnultispccics  chemical

descriptions nlay help to explain the ion

boundary.

models in conlbination  with detailed fluid

density observations near the rnagnctic  pileup
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l;ig. 1. Vcloci[y-s~~ace.s  kctcl}o  ftl~cco  l~~etarJ'io ntJis~Jllcrical shell injection distribution

in the plasma frame, where Vll anti VJ arc the ion field-aligned and perpendicular

velocities, rcspcciivc]  y. Ou and 0~ are the ril~g injection angles in the -VA and + VA wave

frames, respectively, u is the angle bctwccn  the field and flow vectors, and Vl{ and V~ are

the radii of the parlial  shell sections. (rliaken from IIuddleston  e? al. [1993 ].)

l~ig.  2. The cometary water group ion densities observed by the Giotto ion mass

spectrometer in the IIallcy  rnidcon~ctoshc.ath  region. l’hc overlaycd line is the simple

model fit (equation (2)) from which the ioni zat ion rate is cst i mated.

Fig. 3. ~ometoshcath  water group ion spectra observed by the IMS HIIRS. The

distributions arc plotted in pairs to s}mw their development on approach to the comet,

Shaded areas in each plot represent thc ]OSS of ions at v > lvinjl.

1 rig. 4. Schematic diagram illustrating the effects of (a) pickup, (b) energy diffusion, and

(c) charge exchange to be modcllcd  in the evolution of the cometary ion spectra.

I;ig. 5. The Giotto encounter geometry at comet IIallcy.  The dashed line represents an

example model flow]inc  on which distribution 1 is given a projected position 1‘ (see text)

and used as the starting point from which distribution 2 is modclled.

Fig. 6. The effect of the plasma magtmtization  is shown here in terms of the relationship

bctwccn the average ion s}]cII velocity v’ in the neutral gas (comet) frame and the shell

velocity radius v.
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I jig.  7. }jit[ing  the diffusion coefficient [o give (Iw best-fit S1OIX of the 1;(v) spectra at

shell velocities above the injection peak. Results for three different coefficients arc

shown here for modclling both with and without the loss term.

IFig. 8. The best-fit model results for the ion distribution pairs of }Jigurc  3. ‘1’hc heavy

dashed line is the model fit to the solid line. Iliffusion  coefficients and charge exchange

rates used in each case arc given on the plots.

liig.  9. Ion loss rates and fast neutral fluxes both for the mode] with velocity diffusion

coefficient Do = 0.005 kn12 s-~, and also for no added diffusion (denoted 1)0 = 0.0)

calculated from the shaded areas as seen ili the 1 ;igurc 3 examples.

liig. 10. ~ornparison  of the NMS water vapour neutrals [Kranhvsky  CI al., 1986] with

the simple model best-fit (equation (1)) and also comparison with the implied total water

group neutral density profile for the same ionization rate as required to fit the ions in

Iiigurc  2.
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